Tntroduction ofpolymers into the cement composites improves same of the properties of concretes and mortars.
INTRODUCTION
Progress in building materials engineering is today being done by materia! modification [ 1) . Not only the materials intended for use in extreme conditions, like underwater concrete [2] or reactive powders concrete [3] , but also the materials considered "traditional", such as earth [4, 5] or ceramics [6] , are improved this way. Concrete is particularly predestined for materiał modification, due to the possibility to easily manipulate its composition. Additions and admixtures are inherent components of the modem concrete, as defined by the European Standard EN 206 "ConcreteSpecification, performance, production and conformity". The minerał [7, 8] and organie [9] modifiers are employed, also on the nanometric level [10) .
One of the possibilities of modification is introduction of polymer into concrete as a co-binder. This creates an additional heterogeneity of the composite, conducive to changing its performance in various ways [11] . The polymer-cement concretes (PCC) demonstrate substantial advantages over the ordinary concrete regarding to such properties as tensile and flexural strength, adhesion to various substrates, tightness and resistance to some chemical attacks [12] . This leads to the growing use of polymer-cement composites in repair and protection of the concrete structures, making pavements, including industrial floors, and production of the pre-cast elements [12, 13, 14] .
The polymer-cement composites themselves have also undergone to modification, for example by introduction of the mineral powders [15] . The scientific basis for the improvement of PCC performance are similar to those for the other composites. On the one hand, the statistical methods of optimization are developed, the same way as it is observed in theory of structures and managing [16, 17] ; the advanced methods are employed, like using the artificial neural networks or fuzzy logic [18] . On the other hand, the efficient modification is possible if reliable model of the microstructure formation is available, including such questions as interaction between polymer and cement and creation of continuous polymer film [19] .
The appropriate model for PCC has been first proposed by Ohama [20] and then developed into the integrated, comprehensive model by Beeldens et al. [21] , who paid attention to the positioning of the mechanisms on the time scale and to the interaction between the different components.
However, the aforementioned model is focused on the formation of polymer film by coalescence of the polymer particles; this means that it is fully applicable for the pre-mix (chemically inactive, thermoplastic) polymer modifiers, like polyacrylates (polyacrylic esters), styrene-butadiene rubber, styrene-acrylic co-polymers, ethylene-vinyl acetate co-polymers, etc. If the post-mix modifier is applied (usually epoxy resin), the chemical reaction between the resin and the hardener takes place, leading to spatial crosslinking of the polymer. This creates more complicated system, as the additional factor has to be taken into account. In this paper, the model of microstructure formation of PCC in the case of epoxy modifier is offered.
EXPERIMENTAL
First, the images of the microstructure of epoxy-cement mortar have been obtained using highresolution scanning microscope HITACHI 5500. Then, the mechanical properties of PCC were investigated to verify the observations. The materials used for preparing the polymer-cement mortars were: 
RESULTS AND DISCUSSION

MORTARS MODIFIED WITH EPOXY RESIN AND POLYACRYLIC ESTERS DISPERSION
Epoxy resin, due to the chemical reaction with the hardener, forms the spatial cross-linked structure.
However, the polymer film created inside the cement matrix is more heterogeneous, as compared to that created by the polyacrylic modifier, particularly when the polymer content is low; the lumps and discontinuous fragments of the hardened resin can be observed (Fig. 1) . At this level of the polymer content , polyacrylic ester is expected to give better results of modification than epoxy resin. With increasing amount of the epoxy modifier, the structure of the hardened resin becomes more homogeneous (Fig. 2) . In this situation, the better mechanical properties of the hardened epoxy resin should reverse the situation in favor of the epoxy-cement composite. For estimation of the polymer content, at which the composite containing epoxy resin gains an advantage over that modified with polyacrylic ester, the model relationships properties -polymer content were calulated on the basis of the tests results, in the form of 2 nd and 3 rd degree polynomials (Table 1 ). The determination coefficients R 2 were in every case at the very high level 0.99. As it is seen, the epoxy resin is more efficient modifier when the polymer content is higher than 15-20 % of the cement mass. This is in good agreement with the microscopic observations.
EPOXY-CEMENT MORTARS WITH AND WITHOUT HARDENER
Conventional epoxy modifier is two-component system, consisting of the resin and the hardener.
However, epoxy resin can also harden by catalytic action of alkaline environment without the hardener. Ohama and his co-workers have first proposed and demonstrated that this process can proceed inside the cement paste [22] , allowing for some specific features of epoxy-cement composites, like ability to partial self-repairing [23] .
When the epoxy resin is applied to the cement mortar without a hardener, the more continuous polymer film is formed (Fig. 6 ). Same observation was reported by Jo [24] . For estimation of the polymer content, at which the composite containing epoxy resin with a hardener begins to have better mechanical properties than that without a hardener, the model relationships properties -polymer content were calulated on the basis of the tests results ( Table 2 ).
The determination coefficients R 2 were in every case at the very high level 0.99. As it is seen, the epoxy resin without a hardener is more efficient in modification of the composite when the polymer content does not exceed 15-20 % of the cement mass. This is in general agreement with Jo [24] and Ohama [25] findings, who recommend for such system the p/c ratio not higher than 0.20.
MODEL OF MICROSTRUCTURE FORMATION
On the base of the presented test results and SEM observations, the mechanism of formation of the microstructure in epoxy-cement composites is offered. The model is to some extent similar to that established for the pre-mix modifiers, however, some significant peculiarities need to be taken into account. In the case of PCC with thermoplastic polymers, the main processes involved are the cement hydration and the polymer film formation on the way of coalescence of dispersed polymer particles [26] . When the epoxy resin is used as a modifier, the additional process takes places, namely the chemical reaction of the resin with the hardener, leading to cross-linking of the resin.
The epoxy resin creates an emulsion -a suspension of microdroplets -with the mixing water. The
Portland cement starts to hydrate and simultaneously the resin, within the separated microdroplets, begins to harden by the reaction with the hardener. If the content of polymer is low, the coalescence of the resin microdroplets cannot start effectively, because it is possible at some level of polymer concentration in the liquid phase, usually defined as 60-70% by volume [27] . The water is gradually removed from the system as the hydration progresses and the material dries, however, when the suitable concentration of polymer is achieved, the resin inside the microdroplets is already mostly hardened and the coalescence is again unlike. As a result, the structure of the hardened epoxy resin is heterogeneous and consists rather of the separated lumps then continuous polymer film.
The situation changes when the content of the epoxy resin increases; the epoxy modifier is then more effective than the polyacrylic esters. This can be attributed not only to the bigger contribution of the epoxy resin properties, but also to the increasing possibility of the coalescence, since the sufficient level of polymer concentration is achieved earlier. Thus, more homogeneous and continuous polymer film can be formed.
Interesting conclusions can be drawn from the analysis of the results of modifying of the composite with the epoxy resin without hardener. The cross-linking of the resin due to the catalytic action of environment is slow; the hardening of the resin inside the microdroplets is delayed and the possibility of coalescence increases. In consequence, the more homogeneous, continuous polymer film can be formed and the final strength of the composite is higher than in the case of epoxy resin with the hardener. The mechanism of microstructure formation is, therefore, more like that proposed for the thermoplastic polymers. However, when the content of the epoxy resin increases, the excess of unhardened resin worsens the composite properties.
SUMMARY
The reliable model of microstructure formation is one of the crucial elements of understanding the nature of the composite and its proper application. Such integrated model has been successfully developed for the polymer-cement composites with thermoplastic polymers. However, in the case of epoxy-cement composites, the process is not fully explained yet. In this paper, the respective mechanism has been discussed and the explanation of the observed phenomena has been offered.
The proposed mechanism of microstructure formation in the epoxy-cement composites was presented on the basis of the results of testing and microscopic observations. However, there is need for the further investigations and discussions.
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Fig Żywica epoksydowa, wymieszana z utwardzaczem, tworzy emulsję w wodzie zarobowej. Składniki cementu zaczynają reagować z wodą, a jednocześnie rozpoczyna się utwardzanie żywicy przez reakcję z utwardzaczem. Proces ten zachodzi wewnątrz mikrokropelek. Kiedy na skutek usuwania wody z układu zostaje osiągnięte wystarczające stężenie polimeru, żywica jest już w większości utwardzona i koalescencja jest mało prawdopodobna. W rezultacie, struktura utwardzonej żywicy epoksydowej jest niejednorodna; powstają oddzielne grudki utwardzonej żywicy w stwardniałym zaczynie. Zatem, przy względnie małej zawartości polimeru, żywica epoksydowa jest mniej efektywna niż poliester akrylowy; działanie modyfikatora epoksydowego polega głównie na udziale jego własnej wytrzymałości we właściwościach kompozytu. Kiedy zawartość żywicy wzrasta, modyfikator epoksydowy staje się skuteczniejszy niż PAE (rys. 1, po lewej); prawdopodobieństwo koalescencji wzrasta, ponieważ wystarczające stężenie polimeru jest osiągane wcześniej. W ten sposób może powstawać bardziej jednorodna i ciągła warstwa polimeru. Przedstawiony model został opracowany w oparciu o wyniki badań cech mechanicznych i obserwacji mikroskopowych kompozytów epoksydowo-cementowych; dalsze badania są niezbędne w celu weryfikacji modelu.
